FBP
fructose 1,6-bisphosphate
For all purified proteins, SDS-PAGE was carried out and fractions containing >95% of total 1 3 1 protein of interest were combined and concentrated using Amicon Ultra 0.5 ml centrifugal filters 1 3 2 (molecular weight cut off 3 kDa). Glycerol was added to the concentrated protein to obtain a protein were run on an SDS-polyacrylamide gel and stained with Coomassie Blue to check the 1 3 8 purity of the enzymes. Molecular weights were estimated from the protein construct using Vector 1 3 9 NTI (ThermoFisher Scientific, www.thermofisher.com). The activity of the purified plastidic and cytosolic PGI and G6PDH1, 2, and 3 was studied using 1 4 2 coupled spectrophotometric assays. Concentrations of G6P and F6P were determined using 1 4 3 NADPH-linked assays measured spectrophotometrically. All assays were validated by Mass spectrometry assay for PGI (G6P to F6P reaction) 1 6 9
The activity of the purified plastidic and cytosolic PGI in the G6P to F6P direction was studied 1 7 0 using a coupled mass spectrometer assay. The assay mixture contained 50 mM Tris pH 7.8, 2.5 1 7 1 mM MgCl 2 , 1 mM ATP, 5 mM DTT, 0.15 U phosphofructokinase (from Bacillus 1 7 2 stearothermophilus), varying concentrations of G6P, and 1.6 ng of plastidic or cytosolic PGI. The assay mixtures were prepared by adding all the components except the enzyme. The reaction was initiated with the enzyme. After five min, the reaction was quenched with four volumes of 1 7 5
100% ice-cold methanol. Production of FBP was shown to be linear for up to ten min. Five nmol 1 7 6 of D-[UL-13 C 6 ] fructose 1,6-bisphosphate was added as an internal standard for quantification, 1 7 7 and the sample was heated for 5 minutes at 95˚C. Six volumes of 10 mM tributylamine, pH 5.0, 0.3 ml min -1 . FBP peaks were integrated using MassLynx software and the concentration of the 1 9 0 metabolites was quantified by comparing the peak response to a calibration curve. inhibition, therefore we estimated regression lines and kinetic constants by finding the minimum Different metabolites of the Calvin-Benson cycle were tested for their effect on both PGI and 2 0 2 G6PDH activity. All the metabolites were purchased from Sigma Aldrich. In metabolite 2 0 3 screening assays, metabolites were assayed at a 1:1 ratio with the substrate. To determine the K i 2 0 4 of G6PDH or PGI for different metabolites, the assay was carried out in presence of various 2 0 5 concentrations of F6P or G6P and other metabolites. Assay mixtures were prepared as described 2 0 6 above with different concentrations of substrate. For PGI studies, 0-0.98 mM F6P or 0-1.5 mM 2 0 7 9 G6P was used and 0-3.8 mM G6P was used for G6PDH studies. The concentration of NADP + in 2 0 8 G6PDH assays was held constant at 600 µM. The concentration range used to study the K i of 2 0 9 PGI for E4P were 0-0.05 mM and that for 6PG were 0-1.5 mM. For G6PDH1 and 3 assays 0-0.3 2 1 0 mM NADPH was used and 0-14.5 µM NADPH was used for the G6PDH2 assays. The 2 1 1 mechanism of inhibition was determined from Hanes-Woolf plots. The K i was determined from 2 1 2 the non-linear least squares fitting of the activity vs. F6P concentration plot using Solver in Excel 2 1 3 using the standard equation for competitive inhibition as described below.
where V max is the maximum velocity, S is the F6P concentration, K m is the Michaelis constant, 2 1 6
and K i is the inhibition constant. For non-competitive inhibition, the below equation was used.
Midpoint potential of G6PDH1 2 1 9
A series of oxidation-reduction titrations was done with purified G6PDH1. Fully reduced DTT and 1 mg/ml BSA, pH 8 for 1 hr at 25˚C in an anaerobic environment. Activity of G6PDH was 2 2 7 measured as described in 'Chloroplast isolation' with 0.3 mM G6P. The data were fit to the 2 2 8
Nernst equation for a two-electron process. We used the E m of DTT as determined by Hutchison were collected in a 2 ml microfuge tube and immediately frozen by plunging in liquid nitrogen.
3 6
Samples were ground in a Retsch mill with 4 mm silicone carbide particles (BioSpec Products, 2 3 7 www.biospec.com). One ml of extraction buffer (45 mM Hepes, pH 7.2, 30 mM NaCl, 10 mM 2 3 8 mannitol, 2 mM EDTA, 0.5% Triton-X-100, 1% polyvinylpolypyrrolidone, 0.5% casein, 1% centrifuged for 30 s at maximum speed and immediately placed on ice. G6PDH activity was 2 4 1 assayed as described in "Coupled spectrophotometric assay for phosphoglucoisomerase (F6P to 2 4 2 G6P reaction) and G6PDH". Assays that used leaf extracts were normalized by mg of 2 4 3 chlorophyll added to the assay mixture. Fresh spinach was purchased at a local market for use that day. Spinach was either dark or light 2 4 6 treated for 1.5 hours before beginning isolation and petioles were kept in water to prevent 2 4 7
wilting. Arabidopsis Col-0 was grown on soil in a growth chamber at a 12 h light at 120 µmol m -
When chloroplast isolations were used to assess activity of fully oxidized and reduced plastidic 2 6 7 G6PDH, oxidized or reduced DTT was added at a concentration of 10 mM to each solution used 2 6 8 in the isolation. Assays that used isolated chloroplasts were normalized by mg of chlorophyll 2 6 9
added to the assay mixture. and cytosolic AtPGI were ~62.9 kDa and ~62.5 kDa respectively. The specific activity was 787 2 7 6 µmol mg -1 protein min -1 for plastidic AtPGI and 1522 µmol mg -1 protein min -1 for cytosolic 2 7 7
AtPGI. The final concentration of AtG6PDH1 was 1.66 mg/ml, AtG6PDH2 was 1.90 mg/ml, and 2 7 8
AtG6PDH3 was 0.177 mg/ml (Supplemental Fig. S1 ). The molecular weight of Strep-tagged 2 7 9
recombinant AtG6PDH1 was ~65.2 kDa, AtG6PDH2 was ~70.2 kDa, and AtG6PDH3 was 70.5 2 8 0 kDa. The maximum specific activity was 28.0 µmol mg -1 protein min -1 for AtG6PDH1, 18.7 2 8 1 µmol mg -1 protein min -1 for AtG6PDH2, and 7.1 µmol mg -1 protein min -1 for AtG6PDH3. Fig. S2 ). For plastidic AtPGI, the K m value for G6P was ~2.9-fold higher than that for F6P. The influence the specific activity of plastidic or cytosolic PGI (Supplemental Fig. S3 ). We tested different metabolites for their effect on PGI activity. Inhibition with either limiting 2 8 9
F6P or G6P was similar for both plastidic and cytosolic AtPGI. Erythrose 4-phosphate (E4P), 3-2 9 0 phosphoglyceric acid (PGA), dihydroxacetone phosphate (DHAP), and 6-phosphogluconic acid 2 9 1 1 2 (6PG) were screened (Fig. 2) . Only E4P and 6PG showed significant inhibition. Inhibitory 2 9 2 effects were not different between plastidic and cytosolic AtPGI. Fig. 3 shows the activity of 2 9 3 plastidic AtPGI over a range of F6P and E4P concentrations. Activity of cytosolic AtPGI was 2 9 4
analyzed in a similar manner as shown for plastidic AtPGI (Supplemental Fig. S4 ). The 2 9 5
calculated K i values of E4P and 6PG are shown in Table 1 . The K i values for 6PG were between 2 9 6 31-203 µM, depending on the isoform and substrate. E4P was shown to be more inhibitory with shown to be competitive, except above 0.04 mM, with G6P. 6PG was identified as competitive 2 9 9
with F6P, except above 1.0 mM, and non-competitive with G6P.
3 0 0
Regulation of PGI in isolated chloroplasts
3 0 1
Plastidic SoPGI activity from chloroplasts from dark-treated spinach leaves had a higher K m for 3 0 2 G6P compared to light-treated chloroplasts (Fig. 4) . The K m of SoPGI for F6P did not change in All three AtG6PDH isoforms showed substrate inhibition (Fig. 5a ). The AtG6PDH K m for G6P 3 0 6
for isoforms 1 and 3 was 0.3 mM, while the K m for isoform 2 was approximately 34-fold higher 3 0 7 (10.3 mM). Table 2 shows the K m (for both G6P and NADP + ), k cat , and G6P K i of all three 3 0 8
AtG6PDH isoforms. The catalytic efficiency of AtG6PDH1 for G6P was 190 mM -1 s -1 , of 3 0 9
AtG6PDH2 was 3.8 mM -1 s -1 , and of AtG6PDH3 was 48.7 mM -1 s -1 . For NADP + , the catalytic 3 1 0 efficiency of AtG6PDH1 was 81.4 mM -1 s -1 , of AtG6PDH2 was 30.3 mM -1 s -1 , and of 3 1 1
AtG6PDH3 was 29.2 mM -1 s -1 .
3 1 2
Identification and characterization of inhibitors
We tested ribulose 1,5-bisphosphate (RuBP), ribulose 5-phosphate (Ru5P), F6P, PGA, DHAP,
E4P, NADPH, and 6PG for their effect on G6PDH activity. Only NADPH showed inhibition. While NADPH inhibited all three isoforms, AtG6PDH2 was the most inhibited. The calculated 3 1 6
K i values of NADPH are shown in Table 2 . NADPH was found to be competitive for all isoforms based on the Hanes-Woolf plots, except above 14.5 µM for G6PDH2 and above 0.15 3 1 8 mM for G6PDH3 ( Supplemental Fig. S5 ). All isoforms of AtG6PDH were susceptible to deactivation by DTT, but AtG6PDH1 was the 3 2 1 most deactivated after two hours, losing approximately 90% of its activity (Fig. 6a ). Kinetic 3 2 2 characterization of AtG6PDH1 incubated with 10 mM DTT showed that decreased activity in 3 2 3
AtG6PDH1 was due to both a decrease in k cat and an increase in K m and occurred over approximately 45 minutes (Fig. 6b) . However, the k cat was less affected than the K m (Table 3) . AtG6PDH1, show that DTT is an acceptable mimic of thioredoxins to deactivate AtG6PDH1. Both results show that AtG6PDH1 will lose ~90% of activity when fully reduced. AtG6PDH2 and 3 showed a decrease in k cat , but not an increase in K m . AtG6PDH2 retained ~60% of activity 3 2 9
and AtG6PDH3 retained ~80% of activity. Redox deactivation of AtG6PDH can be rescued by
addition of hydrogen peroxide equimolar to DTT in vitro (Fig. 7a ). AtG6PDH1 activity reached 3 3 1 approximately 64% activity while 79% of the DTT was still reduced (Fig. 7b) . The calculated E m 3 3 2 at this time point was -407 mV. Based on our determined midpoint potential of AtG6PDH1 (see Midpoint potential of G6PDH1), we predict AtG6PDH1 would have < 5% activity at the redox 3 3 4 potential of the DTT. Therefore, we conclude the addition of hydrogen peroxide did not result in 3 3 5
the re-activation of G6PDH1 by oxidizing DTT but that hydrogen peroxide was directly 3 3 6 activating G6PDH1. Redox deactivation of G6PDH1 was decreased when G6P was present. When G6P was present at K m concentration during incubation with DTT, the activity of reduced 3 3 8
AtG6PDH was higher than when G6P was not present (Fig. 8) . We determined the activity of AtG6PDH1 in a series of oxidation-reduction potentials (Fig. 9 ).
4 1
The data was fit with the Nernst equation for a two-electron process. Incubation of AtG6PDH1 at We used rapid leaf extract assays and chloroplast isolations to determine the activity of redox- regulated SoG6PDH and AtG6PDH compared to total activity in the plastid and the whole leaf.
4 8
After illumination at 500 µmol m -2 s -1 for one hr, G6PDH activity spinach leaf extracts decreased 3 4 9
by about 35% (Fig. 10a ). We also isolated chloroplasts in fully oxidizing or fully reducing conditions. Fully reduced chloroplast activity was about 50% of fully oxidized chloroplast 3 5 1 activity in both spinach and Arabidopsis (Fig. 10b ). High concentration of G6P in the chloroplast has been proposed to cause a G6P shunt (Fig. 12) .
3 5 5
The results of this study of key enzymes regulating the stromal G6P concentration support the 3 5 6
hypothesis of the G6P shunt. We propose that PGI is a key regulatory point in carbon export from the Calvin-Benson cycle.
3 5 9
PGI acts as a one-way valve, going from F6P to G6P. The G6P/F6P ratio at equilibrium has been K m is seen in both recombinant plastidic Arabidopsis PGI and in isolated plastidic spinach PGI.
We previously assumed that PGA is a strong inhibitor of PGI (eg Sharkey and Weise 2016) 3 7 1 based on the report by Dietz (1985) . Surprisingly, we did not observe this to be the case. Examination of data from Dietz (1985) shows that during PGA inhibition assays, 6PG was also 3 7 3 present in the reaction mixture at 50 µM. The G6P/F6P disequilibrium in chloroplasts was 3 7 4
proportional to PGA (Dietz, 1985)(see his Table I ) but PGA was not tested alone for its effect on PGI. We found that the K i of plastidic PGI for 6PG with limiting F6P was 31 µM or with limiting 3 7 6
G6P was 203 µM. Based on our findings, we propose that PGI is not inhibited by PGA, and the previously seen inhibition can be explained by presence of 6PG or E4P. In vivo plastidic phosphate pathway (Schnarrenberger et al., 1995) . Measurements and estimations of plastidic Krause , 1969; Heldt et al., 1977) . This is well above the K i of E4P for plastidic PGI. Backhausen In addition to stabilizing the Calvin-Benson cycle, we propose that inhibition of PGI by E4P can 3 9 0 provide insight into the phenomenon of reverse sensitivity to CO 2 and O 2 of photosynthetic CO 2 3 9 1 assimilation rate observed by Sharkey and Vassey (1989) . They found that when potato leaves 3 9 2
were switched to decreased partial pressure of oxygen, rates of photosynthetic CO 2 assimilation an effect of PGA inhibition of PGI, but because we did not find PGA to be inhibitory, we now 3 9 5
suggest that the decrease in starch synthesis is due to an increase in E4P concentrations (or 3 9 6 possibly 6PG).
9 7
We conclude that PGI is an important regulatory enzyme in central carbon metabolism, keeping 3 9 8 G6P concentration lower than would be present at equilibrium thereby regulating the rate of the If GPT2 is present it can import G6P from the cytosol to the chloroplast. Niewiadomski et al. (2016), proposed that the shunt can induce cyclic electron flow, which may help protect PSI. Coupling ATP consumption in the G6P shunt with cyclic electron flow would dissipate light 4 7 5 energy at PSI (Miyake et al., 2004; Munekage et al., 2004; Strand and Kramer, 2014) . Our data supports the conclusion that production and consumption of plastidic G6P is carefully 4 7 8
regulated. Plastidic PGI activity is not adequate to bring F6P and G6P to equilibrium, preventing 4 7 9
an accumulation of G6P, and G6PDH is partially deactivated reducing loss of carbon while still 4 8 0 maintaining regulatory flexibility to increase and decrease the G6P shunt (Fig. 12) as needed. 3. Effect of E4P (a, b) and 6PG (c, d) shunt. G6P re-enters the Calvin-Benson cycle as Ru5P. Overall, the shunt consumes three ATP and two NADP + and produces two NAPDH. One CO 2 molecule is lost for every G6P that enters the shunt.
